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NACA ARR No. ESAZ20

'ADVANCE RESTRICTED REPORT

THE XNOCK-LIMITED PERFORMANCE OF FUEL BLENDS CONTAINING AROMATICS
IT - ISOPROPYLBRNZENE, BENZENE, AND o-XYLENE

By J- Robert Branstetter and Carl L. Meyer

SUMMARY

Knock-limited small-scale-engine tests were made of isopropyl-
benzene, benzene, and o-xylene blended individually in various con-
centrations with selected base fuels. Data were obtained for the
aromatics to determine: (a) the blending sensitivity, (b) the lead
susceptibility, and (c) the sensitivity of the blends to inlet-air
temperature. Published full-scale-cylinder data for the arcmatics
are presented for comparative purposes.

Of the three aromatics tested, isoptropylbenzene was, in general,
nore effective than benzene as an antiknock agent whereas ¢-xylene
acted as a proknock agent under nearly all conditions tested.

INTRODUCTION

An Investigation to determine the antiknock effectiveness of
additions of pure aromatic hydrocarbons to alreraft-engine fuels is
being conducted by the NACA. A detaliled description of this progrem
may be found in reference 1.

The over-all obJjectives of the knock-limited engine tests con-
sist in determining: (a) the blending sensitivity of the aromatics
in the base reference fuels, (b) the lead susceptibility of the
arcmatic blends, (c) the sensitivity to inlet-air temperature of the
aromatic blends, end (d) the correlation of full-scale and small-
scale results.

By The full-scalg-cylinder data and the F-3 and F-4 ratings of
blends containing 75 percent of a base fuel (85 percent S-3 plus
15 percent M-4) and 25 percent of each of the following aromatics
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are presented in reference 2: 1,3,5-trimethylbenzene (mesitylene),
m-diethylbenzene, p-xylene, 1l- ethyl-4-methylbenzene, Eggﬁ-butylbenzene,
isopropylbenzene (cumene), toluene, ethylbenzene, sec-bufylbenzene,
benzene, 1,2,4-trimethylbenzene (pseudocumene), and o o-Xylene; the
final blends contained 4 ml TEL per gallon.

The ¥-4 performance of blends contalnlng 10, 25, and 50 percent
toluene, ethylbenzene, and p p-Xylene .in-the 5-3 plus M 4 base fuel,
together with the 17.6 engine knbck-limited.performance of blends
containing 10 and 20 percent of each of these three aromatics in .

.S-3 reference fuel and the F-3 ratings of a portion of the afore-

mentioned blends, are presented in reference 1o

The present report (a contlnuatlon ef: reference 1) is part II of
a series.of -five reports and contains data on isopropylbenzene, ben-
zene, and o-xylene. These arcmatics were purified by T. W. Reynolds
under the superv151on of Dr. L. C. Gibbons. The tests were conducted
at the NACA Cleveland laboratory from March through May 1944.

APPARATUS AND TEST PROCEDUREA'

For the F-4 engine tests, blends were prenared contalnlng
10, 25, and.50 percent by volume of aromatics in a base.fuel con-
81st1ng ‘of . 85" percent 5-3 plus 15.percent M-4; the final blends
contained 4 .ml* TEL per- gallon, For the 17.6 englne tests, each
aromatic was blended with S-3 reference fuel in concentrations
of 10 and 20 percent by volume and a portion of each blend was leaded
to 4 ml TEL per gallon. In additicn, the 25-percent blends in the
S5-3 plus M-4 base fuel were tested in the 17.6 engine, the
F-3 engine, and the full-scale cylinder. Whenever the quantity
permitted, the blends were tested in the F-3 engine. The physical
constants of isopropylbenzene, benzene, and o-xylene after purifi-
cation are presented in the following table and serve to Indicate
the purity of the engine samples:

Freezlnng0111np TIndex. of -,Den51ty at

Aromatic point point “iréfraction! 20° C
(*c) i (°c) '?’nDZO '(grame/ml)

Isopropylbenzene | .-96. S FisstaTiasiz T 0.8619

1,502 .8790

.
Benzene 5.49 l-..80.'1 g
. : i

i
!
i
|
t
M

o-Xylene | -esiEd | 144 4 ©1.5052
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Operation of the research F-4 englne (not a package unit) con-
formed to CRC désignation F-4-443 except for the use of two inde-

"pendent fuel systems and the detectlion of knock by a cathode-ray

oscilloscope in conjunction with a magnetostriction pickup unit.
Because of these alterations the curves of knock-limited indicated
mean- effective pressure against fuel-air ratio deviate from the

F-4 background curves; rich retings in the research englne, however,
are in-line with those of a standard F-4 englne. (Hereinafter the

”.;research P 4 .engine will be referred: to as an F- -4 engine.)

The 17.6 engine vas - operated with the following conditions

'maintained constant:

_ Engine speed, rpm .. T T 1800

Compression ratio . « « &« + & « &« v v ¢ ¢ v v+ v o o . W T.0
Outlet-coolant temperature; OF . . . « « « « v ¢« o « o « « . 212
Inlet-air temperature, CF e « o« o« « « « o « « « « . « . 100, 250
Spark advance, deg B.T.C. . . . . . . . e s s s e < & .+ » 30
InJection timing, deg A.T.C:. on 1ntake stroke e s . .« + .« . . B0

‘The F-3 engine operatlon conformed to CRC designation F-3-544
with the exception of a barometrically-controlled dry-alr source in
place of a dehydrating ice tower.

The conditions under which tests'in the R-1820 G200 single
cylinder were made were tentatively recommended by the Coordinating
Research Council and are given in reference 2.

DISCUSSION OF RESULTS

Teble I is an index of the figures showing in detail the order
of discusging the results presented herein.-

TFigure 1 (reproduced from fig. 7 of reference 1) presents F-4
results for the 85 percent S-3 plus 15 percent ‘M-4 base fuel with
4 ml TEL per gallon. Shifts in the knock-limited power level that
accompanled engine operation had little 1f any effect on the
F-4 rating of the base fuel. This fact was determined by several
check tests made during the course of the. program.

The F -4 results.for blends-of 10, 25, and 50 percent aromatics

An the S-3 plus M-4 base fuel are shown In figures 2, 3, and 4 for

isopropylbenvenc, benzene, and o-Xylene, respectively. When the
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concentration of isopropylbenzene and benzene was increased, the
rich-mixture response increased.. For the SO-percent concentration

of isopropylbenzene (fig. 2(c)), the curve of knock-limited indicated
mean .effective pressure became almost vertical at a fuel-air ratio

of about 0.1C0. This trend was dbserved with the SO-percent blends
in reference 1. - At the high powers it was often impracticable to
bracket the rich-mixture results in terms of S-3 plus tetraethyl
lead.

Plots of the variation of knock-limited imep ratio
imep of aromatic blend
imep of base fuel
for the blends tested in the F-4 engine are presented in figures 5,

6, and 7. At a fuel-air ratio of 0.100 the rate of increase of
knock-limited imep ratio increased as the aromatic concentration
increased from 25 to 50 percent. The rate of increase for iso-
propylbenzene was much greater than for either benzene or o-xylens.

(imep ratio = ) wlth aromatic concentration

The F-4 and the F-3 ratings of the various blends are recorded
in table IT in terms of percentage S-3 in M-4, S-3 plus tetraethyl
lead, or octane number. All ratings are also converted to accepted
Army-Navy performance numbers.

The 17.6 engine knock-limited performance of blends of the
aromatics iIn the S-3 and the S-3 plus M-4 base fuel are presented
in figures 8 to 16: isopropylbenzene (figs. 8, 9, and 10), benzense
(figs. 11, 12, and 13), and o-xylene (figs. 14, 15, and 16). For
each aromatic, the data are given in the following order: unleaded
blends in S-3, leaded blends in S-3, and leaded blends in S$-3 plus
M-4; inlet-air temperatures of 250° F and 100° F were used. Each
plot presents data obtained during the period of i day.

Figure 8(a) shows the knock-limited performance of unleaded
blends containing isopropylbenzene at an inlet-air temperature of
250° F. The knock-limited indicated mean effective pressure of
the 20-percent blend is believed to be approximately 7 tc 8 pounds
per square Inch low at a fuel-air ratio of 0.075 and 2 to 3 pounds
per square inch low at a fuel-air ratio of 0.110 {as Jjudged from a
plot of imep against air flow). Because of an engine failure during
this test and an engine overhaul immediately thereafter, no direct
comperison can be made between the absolute values of the data of
this figure and those of the following figures.
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: At an inlet-air temperature of 250° F with the unleaded

. blends (figs. 8(a), 11(a), and 14(a)), the knock-limited indicated
- mean.effective-pressure of $~3 was not increased through the addi-
" tion of the aromatics at fuel-air ratios in .the neighborhood of
"0.065 and 0.070 but was increased at higher fuel-ailr ratios through
the addition of isopropylbenzene and benzene. When the inlet-air
temperature was decreased to 100° F (figs. 8(b), 11(b), and 14(b)),
the knock-limited power of S-3 was increased at all fusl-alr ratios
through the addition of these two aromatics. Additions of o-xylene
decreased the knock-limited power of S~3 at fuel-air ratios leaner
than 0.110 at the higher inlet-air temperature end at fuel~-air
ratios leaner than 0.090 at the lower inlet-air temperature.

With the leaded blends at an inlet-air temperature of 2500 F
(figs. 9(a), 12(a), and 15(a)), additions of isopropylbenzene
increased the knock-limited power of the base fuel even at lean
mixtures. Benzene blends did not show this apparent susceptibility
to tetraethyl lead, but additions of benzene did increase the knock-
limited power of the base fuel at fuel-alr ratios richer than
0.0675. When the inlet-air temperature was decreased to 100° F
(figs. 9(b), 12(b), and 15(b)), additions of isopropylbenzene and
benzene increased the knock-limited power of the base fuel at all
fuel-alr ratios to an extent which would iIndicate that blends con-
taining these two aromatics have a lead susceptibllity greater than
that of 5-3. Greater percentage decreases in knock-limited power
at both inlet-air temperatures were observed for the leaded than
for the unleaded o-xylene blends, which indicates that the lead
response of o-Zylene blends was less than that of S5-3.

Figures 10, 13, and 16 present the knock-limited performance
of the 25-percent leaded blends of aromatics in the S-3 plus M-4
base fuel at inlet-alr temperatures of 250° and 100° F, Addi-
tions of isopropylbenzene and benzene increased the knock-limited
power of the base fuel at all fuel-air ratios and at both inlet-air
temperatures; o-xylene acted ag a proknock agent at all fuel-air
ratios.

In unleaded or leaded blends, lsopropylbenzene was generally
more effective than benzene in increasing the knock-limited indi-
cated mean effective pressures of the base fuels. The response of
o-xylene was exceptional in that it acted as a proknock agent under
nearly all conditions tested.
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. Plots of knock-limited imep ratio against aromatic concentratlion
are presented in figures 17, 18, and 19 for the blends of the aro-
matics in S-3 tested in the 17.6 engine. These data show the
comparative effect of the addition of aromatics at fuel-air ratios
of 0.070, 0.085, and 0.100 as well as the effect of inlet-air
temperature and tetraethyl lead.

A summarization of the knock-limited data for the 17.6 engine,
the full-scale cylinder (reference 2), and the F-4 engine is presented
in table ITI. In order to calc¢ulate the imep ratjios presented
therein, 1t was necessary to determine the daily performance of the
base fuel. Because the 5-3 plus M-4 base fuel was not tested each
dey on the F-4 engine, an assumed daily knock-limited performance
curve for this fuel was estimated from the daily performance of the
F-4 reference fuels and from the data of figure 1.

The temperature sensitivities are summarized in table IV. With
few exceptions the sensitivity to inlet-air temperature is greater
for the aromatic blends than for the base fuels.

The lead susceptibilities of the blends containing isopropyl-
benzene and benzens (see table V) were, in nearly all cases, greater
than that of S-3. The response of o-xylene blends to the addition
of tetraethyl lead was very poor.

SUMMARY OF RESULTS

From knock-limited tests of fuél blends containing isopropyl-
benzene, benzene, and o-xylene, the following results were obtained:

1. Iscpropylbenzene was, in general, more effectlve than
benzene in increasing the knock-limited power of the base fuels.
o-Xylene acted as a prokmock agent under nearly all of the conditions
tested.

2. Isopropylbenzene and benzene increased the lead suscepti-
bility of 8-3 reference fuel, but. the addition of lead to o-xylene
blends resulted in power improvements that were smaller than those
observed for S-3.

3. The knock-limited performance of the aromatic blends was
generally more susceptible to changes in inlet-air temperature than
was elther S5-3 reference fuel or a blend of 3-3 and M-4.

Aircraft Engine Research Laboratory,
National Adviscory Committee for Aeronautics,
.Cleveland, Ohio.
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TABLE I. - INDEX OF FIGURES
Inlet-
- Percentage Tetra-  |air
Figure Aromatic aromatic Base fuel ethyl temper-
. in blend lead ature
(ml/gal)| (°F)
F-4 engine (knock-limited imep against fuel-air ratio)
5 I 0 85% S-3 + 15% M-4 4 225
2(a) . 10
(b) { Isopropylbenzene 25 85% S-3 + 15% M-4 4 225
(c) 50
3(a) 10 .
(b) | Benzene 25 85% S-3 + 15% M-4 4 225
(c) 50
4(a) . 10
(b) | o=Xylene 25 85% S-3 + 15% M-4 4 225
(c) 50
F-4 engine (knock-limited imep ratio agalnst aromatic concentration)
5 Isopropylbenzene |0,10,25,50|85% S-3 + 15% M-4 4 225
8 Benzene 0,10,25,50|85% S-3 + 154 M-4 4 225
7 o-Xylene 0,10,25,50|85% S=2 + 15% M-4 4 225
17.6 engine (knock-limited imep against fuel-alr ratlo)
8(a 0,10,20 250
Eb; Isopropylbenzene 6’26 S=3 0 100
9(a) 0,10,20 250
(b) Isopropylbenzene 6’26 s=-3 4 100
10 Isopropylbenzene 0,25 85% 8=3 + 15% M-4 4 250
11(a) | . 0,10,20 250
(b) | Benzene 6,26 5-3 0] 100
12(a) 0,10,20 250
(b) Benzene 0,20 S-3 4 100
13(a) 0,25 250
(b) | Benzene 0.25 85% S=3 + 154 M-4 4 100
14(a) |, 0,10,20 250
(b) |'2-Xylene 0,20 8=5 o 100
15(a) 0,10,20 250
(b) | 2-Xylene 0,20 §-3 4 100
16(a) | .. 0,25 _ i} 550
(v) | 2 Xylene 0,25 85% S-3 + 154 M-4 4 100
17.6 engine (knock-limited imep ratio against aromatic concentration)
17 Isopropylbenzene 0,10,20 S=-3 0,4 250,100
18 Benzene 0,10,20 S-3 0,4 250,100
19 o-Xylene 0,10,20 S-3 0,4 250,100

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 1. - Knock-limited performence of 85 percent S-3 plus 15 percent M-4 plus

4 ml TEL per gallon in an F-4 engine.

(Reproduced from fig. 7 of reference 1.)
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Figure 2. - Knock-llmited performance of blends containing isopropylbenzene in an F-4
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Figure 2.- Continued.
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Figure 3. - Knock-limited performance of blends containing benzene in an F-4 engine.
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(a) 10 percent o-xylene plus 90 percent (85 percent S-3 plus 15 percent M-4) plus 4 ml TEL
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Figure 4. - Knock-limited performsnce of blends conteining o-xylene in an F-4 engine.
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(b) 25 percent o-xylene plus 75 percent (85 percent S-3 plus 15 percent M-4) plus 4 wl TEL
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Figure 4. - Concluded.
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(a) Inlet-air temperature, 250 F.

Figure 15. -~ Knock-limited performance of blends of o-xylene and S-3 reference fuel plus
4 ml TEL per gallon. 17.6 engine; compression ratlo, 7.0; engine speed, 1800 rpm;
spark advance, 30° B.T.C.; outlet-coolant temperature, 212° F.
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engine speed, 1800 rpm; spark advance, 30° B.T.C. 5 outlet-coolant temperature, 212° p.



NACA ARR No. E5A20 Fig. i6b
50_ TFrrey SR TirY Tr TUnor LA TTTT TTTTY TIYI T TI17T Triparers TrerT LA REA BARAI l'l_l Trrry
L+ I 3
- T > ]
» - o—P | —O ]
Y C K |_o+—V" I sy ]
o S SO I S S o -
'g':':‘ o \“-‘D-—-M/ e
o - - -4
EE o NAT LONAL ADVISORY
L2 30F COMMITTEE FOR AERONAUTICS
CEA o ]
oa [ p
2 E ]
9 ]
o © ]
- / -
iy /%/‘ b
r ﬂ;{ 3
L
s ]
: ol 3
£ L ﬁ/;> 3
o —
— - { -
S Wb F 4
- o .
Lal -
£ 4/// ]
S > 1
: a o :
- D" -4
[ o— .
A .
L ]
E Q 3
s ( c ]
F \/ 3
c s Fuel] 5
- C 85 percent S—3 + 15 perdent M-4 + |4 ml E
3200 L /gal - e
~ o 25 pprcenk o-xiylene + 75 perdent 5 pqrceny ]
=] o S-B + 1 pericent M-U4) &4&1 TEY/gel E
< F p—p—O——1—o. ]
g F Lo I ]
Hdo | —
=) F O\\.o ( E
E" . S oo —o ]
-t - Al .
'] ]
3 F A\ ] ;
1160 -l =i
s F ] Lo ]
2 I il ]
b g4
o 4
1“0- AL AL JUBSSERNENE T EEET LA At 1114 11.4.) LLLl 114t Lill 114l IPEBI NN Ll 1111 L1l4lr L1 »
«05 «06 <07 .08 .09 .10 .11 .12

(b) Inlet-air tem
Figure 16. - Conc

Fuel-air ratio

gerature , 100° F,
uded,




Fig. 17 NACA ARR No. EDBA20

T T YT T T T T T Y LN B B TVeYY TVvl Ty Ty TTvYY L 2 an |

NAT 1ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

s Lt

™7

™7
Li A A

L 4

.

Ty
-
o |

let-air tgmperdture) Inlet<alr tYempexaturq,
1, 2509 F 1doo F

N
L=avg

Al bl

N\
\\

<
AY
LA LA

1,

|
7 1]
A\Y
A\
AN
N
—
<
Al
Al al

(la) Idoprod lbenzene |blends plus 4 Ml TEL
per gallon.

AL A A

L L AL

l-air ratiio
0,070

LA A A

100

AL AL

Knock-~limited imep ratio

-
L

[ ]
=
LA Yy T 1T 00 LR rrerey vy1§ 1. v T 17T yTrryYvey Yi5.°179°¢% T rT50
AN
AN

N
NS

2 & 4 4

A

h
/‘ “
/"— -y
I,, -
7 -
1.2 —9 b

\
A
AR
N
\
\
AY
e W

T "'?Kﬂ TTrTT

K

[ L=

.

\‘\
AYS

N

\\4‘

\

\

Ad A A

1,
b (b) Unledded Mlends|. ]
5-39 3
.llll Ll ) Adedd, bbbl Aededed. Ao b A L A Aod d ) I ‘11.‘{;"“;‘1‘9.;—*‘;
] 10 20 0 10 20

Percentege isopropylbenzene 1n S-3 reference fuel
Figure 17. - The blending sensitivity of lsopropylbenzene in S=3
reference fuel. 17.6 engine,



NACA ARR No. ES5A20 : Fig. 18

s NAT IONAL ADV ISORY ' 5
[ COMMITTEE FOR AERONAUTICS ]
[ ]
1.4f .
[ ]
b ]
! b
[ Inllet-allr tegmperalture, ImMet-air t Fer ture,| ;
1 " 250q F 100 ]
[ ]

9 P
: | f = B
- // ol p
L 2 r’ -
3 : ‘,///: - -1
® 1 ——1—¢ <4 ]
£ Lo . .
a [ (a) [Benzdne bllends {plus |4 ml [TEL ger gdllon, ]
N ~
-l [ p
- - ]

ey

-l L p
& ! ]
-t b -
° : Fudl-ai ratio .
X [ © | 0.4970 p
o [ o - 385 ]
£ o :300 y
9 -
1.2 ¢ b

\
i\
‘\
\
silo

1.0

[(b) Unleaded bllends,

P

s-4

M x.'ﬁ:. 4’{ &; /17 _ l, A

D,

LS An an an N B 2R

Ak Al A LA 4t 14 bbbl Sded . LAl ) Aol A A Sokd ol bkl bl hed

0 10 20 o} 10 20
Percentage benzene in 5~3 reference fuel :
Figure 1g. - The blending sensitivity of benzene in 5-3 reference
fuel, 17.6 engine,




Fig. 19 NACA ARR Mo..'E5A20

TSyl lIrTIyTTrrrryrvrvyryryrvrvyryy veeovw TVey Teueey Te§r Trvy LI

e NAT IONAL ADVISORY
F COMMITTEE FOR_AERONAUTICS

t

Inlet-alr ¢t pera}ture Inlet-air el
Retoaly gpperaure, T

/ -
i 'm
s b a4 ) s a0 1 s s st b o2 il oty Lig

(o] : NR\ \\1?:\‘* :
‘3 ) F \M \\‘:{{E ]
g ® . -
Q. : (a)} o-Xyllene plends plus 4 mi TEL per ({galldn, ]
g ‘ :
-
: | i
a f ]
B - Fyel-air ratio ]
" A 0,670 ]
= C a =085 ]
° s o J100 b
£ C ]
1.2} .
: ]
o s T
- R%{ L 1T T
1 7 1
. p 3
g (b) Unleaded blends, ]
o8

: :
[ 45 3
.t - Ldded bad bl Al - Y b b Al 1 2 4 2 AL b o d bl L.l 'l/l l;L ”l e I~L

0 10 20 0 10 20

Percentage 9=xylene in S$-3 reference fuel
Figure 19. - The blena'iug sensitivity of o-xylene in S5-3
reference fuel, 17.6 engine,



T FOICY (12 552 47) Tl 20959

Branotottor, & RJDVISION: Fuels sad Lubricaats (12) OG. AGENCY NUMBER
Meyor, C. I. SECTION: Liquid Puele (2)
CROSS REFERENCES: Fuols, Liquid - Mixing (4267h); Fuolo, | ARR E5A20
Liquid - Porforrance (42676); Fuels, T
AUTHOR(S) Liquid - Antilmock propertios (42670. 6)'
AMER. THLE: The Imock-1imited porforcance of fusl blends comtaining erozatics II - 'm
— m@ylbmzone, bonzene and O-xylons PR atin

A 22 19{{0“
‘ORIGINATING AGENCY: Daticmal Advisory Ccz_—..\ittee for Aorcmautics, hingtcn, 0
TRANSLATION: *

COUNTRY | LANGUAGE ORG’N.CLAS U. S.CLASS. DAIE PAGES ILLUS. FEAYURES
U.s. Ing. Unclasse, {Jan'hk5 tadloa, graphs /_Q

NBSTRACY

Knock-limitod tests were rade of isopropylbenzene, bonzene, and O-xylene blondcd indi-
vidually vith base fuels, Data woro obtaincd for the arcatics to determino the blending
soneitivity, the lead susceptibility, and sensitivity of the blends to inlet—air tooper-
ature. Of tho threc aroratics tested. isopropylbenzone was, in goneral, mare offective
than benzone as an antllmock agent whereas O-xyleno acted as a prolmcck agont undor ncarly
all conditiong tosted. Published MI-aca.le-cyllndsr data for the araxatics are prescatod
for comparative purposec. N

NOTE: Requests for copies of this re;port must be addressod to: U.A.C.A,,

Tewmaes 1 AD-BB05 188

LMoL




Classification cancelied
or-ehansed-10

AUTH: il Mo/ NRCH e, ‘/f

ByM% ‘A‘M

Sagnature and Grade

Gzte . APR 27 1949

Us

R

4E

/<MOO[C‘/}‘

‘%’%Zv St

3

¥ [ =

?@@g

72/

5?’;’&( €§






